INTRODUCTION {#sec1-1}
============

Corneal neovascularization (NV) can be developed in miscellaneous pathological circumstances and can lead to a variety of untoward outcomes; however, most of these pathologies are associated with hypoxia, inflammation, infection, traumatic injury, and malfunction of the limbal stem cells.\[[@ref1][@ref2][@ref3][@ref4]\] Currently, the treatments for corneal neovascularization (NV) consist of steroids, nonsteroidal anti-inflammatory agents, photodynamic therapy, photocoagulation, and intravitreal, topical, subconjunctival,\[[@ref5]\] and intrastromal injections of antivascular endothelial growth factor-A (VEGF-A).\[[@ref6][@ref7]\] Anti-VEGFs directly inhibit the angiogenic factors that cause corneal vascularization. However, they are expensive, and their efficacy is limited by their bioavailability. Nanotechnology may offer a solution, providing effective inhibition of the angiogenic factors that can lead to blindness by increasing drug bioavailability.\[[@ref8]\] Targeting treatment to the anterior segment of the eye requires medications with unique features, including the ability to pass through an intact outer epithelium.\[[@ref9]\]

Nanomedicine applies small particles with a size less than 100 nm to treat various disorders\[[@ref10]\] and offers several advantages over traditional therapies. The unique multifunctional properties of nanomaterials make them suitable for therapeutic use and enable them to overcome many physiologic ocular barriers.\[[@ref11][@ref12]\] The versatility in nanomaterial synthesis can also provide opportunities for structural modification to impart properties such as biodegradability, stimuli responsiveness, and attachment of targeting and imaging agents. Nanodrug delivery systems have emerged as promising alternatives to other systems for a wide range of biomedical applications. Among nanoparticles (NPs), silica NPs can be considered as a favorite agent due to their exclusive properties including hydrophilic surface favoring protracted circulation, versatile silane chemistry, excellent biocompatibility, ease of large-scale synthesis, and low cost of NP production.\[[@ref13][@ref14][@ref15]\]

Silicate is a compound that is abundant in nature. A wide range of different kinds of transport modalities, including small molecule drugs, photosensitizers for photodynamic therapy (PDT), proteins, peptides, DNAs, and RNAs, have been incorporated into silica NPs to target diseases such as cancer, heart disease,\[[@ref16][@ref17]\] and Parkinson\'s disease.\[[@ref18]\] However, there is only one study that confirms its anti-VEGF effect for management of choroidal NV.\[[@ref19]\]

Herein, we used topical SiNPs for management of corneal neovascularization as a novel prophylactic anti VEGF modality in an experimental rat model, which to the best of our knowledge has not been yet reported in the literature.

MATERIALS AND METHODS {#sec1-2}
=====================

Chemicals {#sec2-1}
---------

L-arginine and tetraethoxysilane (TEOS, reagent grade, ≥98%) were purchased from Sigma-Aldrich (St. Louis, Missouri). Cyclohexane (99%) was obtained from Merck. Distilled deionized water was used for the preparation of all aqueous solutions.

Devices {#sec2-2}
-------

Fourier transform infrared spectroscopy (*FTIR*) was performed to indicate hydrolysis of TEOS to SiO~2~ in prepared NPs. The mean particle size was determined by dynamic light scattering (DLS, Brookhaven Instruments, USA) and the morphology of the NPs was investigated with the help of scanning electron microscopy (SEM, Hitachi S-4160, Tokyo, Japan). Additionally, inductively coupled plasma atomic emission spectrometry (ICP-AES, Optima 7300 DV, USA) was employed to determine the concentration of topical silicate nanoparticles (SiNPs) suspension.\[[@ref20]\]

Methods {#sec2-3}
-------

### Nanoparticles preparation {#sec3-1}

The two-phase nucleation method\[[@ref21]\] was applied as a simple synthetic route for producing ultra-monodisperse silica NPs. In brief, 20 mg L-arginine as catalyst was dissolved in 40 ml of water. To keep an aqueous phase undisturbed, 3 ml cyclohexane and 3 ml of TEOS were added subsequently. To form SiNPs, solutions were slowly stirred for 24 h at 70°C. The size and size distribution of SiNPs were determined by DLS.

### Animal model of corneal vascularization {#sec3-2}

The study was performed using 20 corneas of 10 male Wistar albino rats (Weight: 200-250 g). The animals were treated and maintained in accordance with the tenets of the Association for Research in Vision and Ophthalmology (ARVO) Statement for Use of Animals in Ophthalmic and Vision Research.

Silver nitrate cauterization\[[@ref22]\] was used to induce corneal neovascularization under general anesthesia. Chemical cauterization was done by the first author and pressing an applicator stick (diameter 1.8 mm, coated with silver nitrate) to the central cornea for 5 s under the operating microscope.

They were randomly allocated to case and control groups (ten eyes in each group). The SiNPs drop (1 mg/ml sized 30.1 ± 5.6 nm) was started in 10 eyes and artificial tear drop was started in control group (ten eyes) immediately after chemical cauterization. Video-based photography was performed before and after treatment. All rats were euthanized and the eyes were sent for histopathologic exams 14 days after chemical cauterization.

### Analysis of corneal neovascularization {#sec3-3}

Fourteen days after chemical cauterization, all rats were systematically healthy; however, cornea NV was observed in all eyes. All rats were anesthetized as mentioned earlier. Each cornea was evaluated by video-based photography on the 14^th^ day by the same investigator (M.M.). Corneal image analysis was performed on each cornea using imagej® analysis software program (National Institutes of Health (NIH), Bethesda, Maryland, USA). The neovascularization area was measured in terms of pixels, and its ratio to the entire corneal area was determined as the percentage.

### Analysis of neovascularization by histological examination {#sec3-4}

Enucleation was performed after the animals had been euthanized. The eyes were prepared for histological examination using 10% formaldehyde. After fixation for 36 h, they were removed from the fixative and corneas were dehydrated and sectioned. Tissue sections of 10 μm thickness were prepared and stained with hematoxylin and eosin for light microscopy. Light microscopic examination was performed on every section by an examiner who was blinded to the groups. The maximally vascularized area was determined for each histological specimen by counting visible vessels. Photographs of these areas were taken by a light microscope with 40 times magnification.

Statistical analysis {#sec2-4}
--------------------

The Kruskal-Wallis test was used for comparison of the two groups concerning the neovascularized area and the average number of vessels. After finding differences among the groups, the Mann-Whitney U test was used to compare each group with the control group and with each other. *P*\< 0.05 was considered statistically significant.

RESULTS {#sec1-3}
=======

Nanoparticles size and morphology {#sec2-5}
---------------------------------

SEM images showed spherical shapes of particles \[Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}\]. The presence of SiO~2~ peak (bands appearing at 1109 and 473 cm^−1^) in nanoparticle FTIR plot demonstrated the appropriate hydrolysis of TEOS in prepared NPs \[Diagram [1a](#F2){ref-type="fig"}--[c](#F2){ref-type="fig"}\]. According to DLS results, the mean size and polydispersity index (PDI) of prepared SiNPs were 30.1 ± 5.6 and 0.254 ± 0.11, respectively \[[Diagram 2](#F3){ref-type="fig"}\].

![(a and b) Scanning electron microscopy (SEM) images of prepared SiNPs](ABR-4-124-g001){#F1}

![(a) Fourier transform infrared spectroscopy (*FTIR*) plots of standard SiO~2~ nanoparticles, (b) arginine, and (c) prepared SiNPs containing arginine as catalyst](ABR-4-124-g002){#F2}

![Scattered intensity of the nanoparticles in the aqueous phase after 16 h of reaction times in a two-phase reactor at 60°C and by dynamic light scattering (DLS)](ABR-4-124-g003){#F3}

Analysis of corneal neovascularization {#sec2-6}
--------------------------------------

All rats were healthy except corneal neovascularization through the study. There was no missing case during evaluations. Fourteen days after chemical cauterization the mean vascularized corneal area in case group was 21% while in control group was 85% of total corneal area (*P* \< 0.05). This indicates the remarkable antivascularization effect of the SiNPs drop. There was significantly more extensive intrastromal vascularization in control rather than case group in histopathologic examination (*P* \< 0.05) \[[Table 1](#T1){ref-type="table"}\].

###### 

Corneal photograph and histopathology specimens of treated (case group) versus untreated (control group) immediately following chemical cauterization shows significant more corneal intrastromal vascularization in control group rather than case group

![](ABR-4-124-g004)

DISCUSSION {#sec1-4}
==========

In this study, we evaluated the antineovascularization effect of topical SiNPs as a novel anti-VEGF for management of corneal neovascularization. We analyzed the corneal surface involved with corneal neovascularization with imagej^®^ software which is a standard software for calculating the neovascular area that increases the validity of our results. The mean vascularized corneal area in case group was 21% of total corneal area, and 85% in control group 14 days after chemical cauterization that showed remarkable antineovascularization effect of the SiNPs drop and is higher than relevant studies with other anti VEGF studies.\[[@ref22][@ref23][@ref24][@ref25][@ref26][@ref27]\]

Nanotechnology help enhanced drug permeation, controlled drug release, and drug targeting.\[[@ref28]\] The bioavailability of a drug in the eye is one of the major limitations for effective drug therapy.\[[@ref29][@ref30]\] An ideal nanocarrier for ocular delivery should have multiple criteria in order to achieve an optimal bioavailability. The previous known role of SiNPs in the literature in the field of drug delivery is to transport the intended drug or agent into its target;\[[@ref12][@ref13][@ref14][@ref15]\] however, in our study we used SiNPs as a sole agent to block the VEGF receptors and not a carrier for other drugs.

Nanoparticles have been conventionally applied via intravitreal injections into the eye. However, this procedure is invasive and has a high degree of risk. An alternative that satisfies the need for less invasive and safer delivery methods is to combine nanotechnology with contact lenses.\[[@ref31]\] The goal in using contact lenses for drug delivery is to increase the amount of time drugs reside on the corneal surface without being cleared through the lacrimal system.\[[@ref32]\] Topical SiNPs were neither used as an eye drop nor as an injection form for management of corneal NV before. The novelty of our study is to apply topical form of SiNPs for the first time in inhibiting corneal NV. One of the major advantages of topical SiNPs is its simple and noninvasive route of administration that exempts the physician and patient from other invasive modalities such as intravitreal injection of anti-VEGF agents and its possible complications such as postinjection infections and intraocular injuries.

Gold and silver NPs (Au-NPs and Ag-NPs, respectively) conjugated with a heparin derivative have demonstrated efficacy as antiangiogenesis agents. Studies of ocular-therapy applications have shown that Au-NPs and Ag-NPs conjugated with a heparin derivative are effectively delivered to their target, where they bind VEGF receptors to inhibit the actions of VEGF via different signaling pathways and ultimately inhibit angiogenesis. Thus, both Au-NPs and Ag-NPs conjugated with antiangiogenic factors clearly have antiangiogenic properties that make them excellent candidates for biomedical use.\[[@ref33][@ref34]\] We found that topical silica NPs offer a promising alternative to other anti-VEGF modalities with lower cost and higher availability. We also found that topical SiNPs was biocompatible with corneal tissues and did not irritate the corneal surface in terms of clinical and histopathologic examinations.

In a recent study using polymeric NPs for antiangiogenesis therapy, Poly(D,L-lactic-co-glycolic acid) (PLGA)-based NPs were used for targeted nonviral retinal gene delivery for the management of choroidal NV. The NPs were then coated with linear sequences of arginine-glycine-aspartic acid peptides, transferrin or both, and tested in a rat model of choroidal NV. Upon intravenous administration, NPs exhibited targeted delivery to the neovascular eye but not the control eye. This study demonstrates that therapies based on nanotechnology have the capacity to target unique components of the angiogenesis cycle in a very different manner than conventional therapies.\[[@ref35]\] The exact mechanism of inhibiting corneal neovascularization by SiNPs is not clear; however, the most possible way is direct blocking of VEGF receptors by these NPs. It was showed that SiNPs could be considered in the treatment of retinal neovascularization without acute toxicity. SiNPs effectively inhibited VEGF-induced retinal neovascularization and suppressed ERK 1/2 activation via inhibition of VEGFR-2 phosphorylation;\[[@ref19]\] however, application of topical SiNPs and its ability for inhibiting corneal NV has not been studied before.

Other studies confirmed SiNPs organic drug delivery systems and exhibit many unique properties, such as highly controllable size and shape. Brunner *et al*. used amorphous silica NPs as a nontoxic control in their studies.\[[@ref36]\] Using the Comet assay, Barnes *et al*. found no significant genotoxicity for the tested silica NPs on 3T3-L1 fibroblasts after incubation for 3, 6, and 24 h.\[[@ref37]\] Teng and co-workers recently reported that mesoporous hollow silica NPs show low and dose-dependent toxicity when intravenously injected at single or repeated doses.\[[@ref38]\] For a single dose, the median lethal dose (LD50) of 110-nm NPs exceeded 1,000 mg/kg. For repeated doses, no deaths were observed after mice were exposed to NPs at 20, 40, and 80 mg/kg by continuous intravenous administration for 14 days. The intravenously injected NPs accumulate mainly in mononuclear phagocytic cells in the liver and spleen, and the total clearance time of the particles is estimated to exceed 4 weeks.\[[@ref39]\] Another study evaluated the *in vivo* toxicity of silica NPs in immunocompetent mice when administered intravenously and found that *in vivo* toxicity of silica NPs was mainly influenced by the porosity and surface charge.\[[@ref40]\] Many *in vitro* evaluations of silica NP toxicity have been done.\[[@ref41]\] The toxicity of silica NPs depends strongly on physicochemical properties such as particle size, shape, porosity, chemical purity, surface chemistry, and solubility.\[[@ref42]\] The surface chemistry of silica NPs also plays an important role in their cytotoxicity.\[[@ref43]\] We used topical SiNPs for treatment of corneal neovascularization and noticed no corneal or conjunctival irritation in our experimental series; however, its definite safety evaluation needs further *in vitro* and *in vivo* examinations.

Corneal angiogenic factors include VEGF for promoting neovascularization. This factor promotes vascular endothelial cell proliferation, migration, and tube formation.\[[@ref23]\] It also increases vascular leakage and promotes monocyte chemotaxis and B-cell production in mice, indicating the key role of VEGF in inflammation.\[[@ref24]\] VEGF and VEGF-dependent signaling pathways are known to be involved in pathological corneal NV. In particular, VEGFR-2 is considered to play a pivotal role in developmental angiogenesis.\[[@ref44]\] This theory assumes that SiNP seffectively suppressed phosphorylation of VEGFR-2. The requirement of VEGF for corneal NV was first demonstrated in a rat model where NV was later subsequently blocked by anti-VEGF antibodies.\[[@ref25][@ref45]\] Indeed, anti-VEGF antibodies have shown initial therapeutic success. Bevacizumab is a humanized murine monoclonal antibody that recognizes all isoforms of VEGF. Bevacizumab was initially approved to treat metastatic colon cancer,\[[@ref26]\] but has also shown efficacy in partial reduction of corneal NV through topical, subconjunctival and intraocular applications of bevacizumab.\[[@ref6][@ref27][@ref46]\] Nanoparticulate systems improve the delivery of poorly water-soluble drugs while significantly reducing toxicity compared to the free drug.\[[@ref47]\] There are several different modalities for ocular drug administration. The most common include liquids topically applied onto the front of the eye in the form of eye drops, subconjunctival or sub-Tenon\'s injection in the conjunctival tissue or below the Tenon\'s capsule and intravitreal injection. Dong and his co-workers demonstrated that SiNPs had negligible acute toxicity to retinal neuronal cells, retinal endothelial cells and the retinal tissue at concentrations 100 times the effective therapeutic dosage. In addition, they reported that SiNPs had antiangiogenic effects.\[[@ref19]\] Other investigators declared AgNPs had the potential of inhibiting the VEGF in a model employing bovine retinal endothelial cells *in vitro*.\[[@ref48]\] These results suggest that the concentration, shape, or size of NPs could be key factors exerting their antiangiogenic effects. According to tight junctions between corneal epithelial cells, the small size of NPs (20-50 nm) will be effective for increasing drug penetration into deep corneal stromal layers that warrants NP efficacy. The physicochemical characteristics of SiNPs are critical for cellular uptake, intracellular trafficking and interaction with plasma proteins. Nonetheless, the issue of biodistribution of NPs should be addressed in their biomedical application. Therefore, biodegradation and biodistribution of NPs might be investigated before their clinical application. Since this study is the first to evaluate efficacy of topical SiNPs, we suggest evaluating the above-mentioned factors for SiNPs in future investigations. The major treatment for corneal neovascularization is anti-VEGF and steroids. Topical, subconjunctival, and intrastromal injection of bevacizumab are reported for management of corneal neovascularization.\[[@ref6][@ref25][@ref26][@ref27][@ref45][@ref46][@ref49][@ref50]\] However, there is no report of applying SiNps for decreasing effect of corneal neovascularization. SiNPs mass product may be more feasible and cost-effective than monoclonal antibodies such as avastin or bevacizumab. Also, SiNPs could have modifiable size and concentration. Using topical SiNPs as an anti-VEGF therapy seems effective in suppressing new vessel-formation and vascular leakage, which can improve visual function. It seems reasonable that topical administration of SiNPs can be a novel treatment for corneal NV. It may also be investigated for noninvasive management of choroidal neovascularization with minimal side effects in future studies.

In conclusion, our study showed, for the first time, that topical SiNPs can effectively decrease the extent of corneal neovascularization after chemical burn. We suggest further investigations with different SiNPs concentrations to determine its minimal antineovascularization concentration and evaluating biodegradation, biodistribution, and safety issues of topical SiNPs.
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